Abstract The San Diego trough fault zone (SDTFZ) is part of a 90-km-wide zone of faults within the inner California Borderland that accommodates motion between the Pacific and North American plates. Along with most faults offshore southern California, the slip rate and paleoseismic history of the SDTFZ are unknown. We present new seismic reflection data that show that the fault zone steps across a 5-km-wide stepover to continue for an additional 60 km north of its previously mapped extent. The 1986 Oceanside earthquake swarm is located within the 20-km-long restraining stepover. Farther north, at the latitude of Santa Catalina Island, the SDTFZ
Introduction
The inner California Borderland is cut by numerous faults subparallel to the San Andreas fault that exhibit complex histories and styles of deformation including strike-slip faults and blind thrusts (e.g., Fisher et al., 2009) . Faults within the inner Continental Borderland take up as much as 20% of the slip between the Pacific and North American plates (DeMets and Dixon, 1999) . Geodetic data show 8 mm=yr of predominantly strike-slip motion on offshore Borderland faults east of San Clemente Island (Platt and Becker, 2010) . Many offshore faults lack the critical information needed for use in seismic hazard assessments such as slip rate, demonstrated Holocene offset, and earthquake recurrence intervals. Thus, few offshore faults have been included in the Working Group of California Earthquake Probabilities (WGCEP) Uniform California Earthquake Rupture Forecast (UCERF) (e.g., Field, 2007) .
The focus of this study is on the San Diego trough fault zone (SDTFZ), one of several northwest-trending right-lateral fault zones mapped between San Clemente Island and the mainland in the offshore California Borderland (Fig. 1) . Other major subparallel strike-slip faults accommodating some of the 8 mm=yr slip include the Newport-InglewoodRose Canyon fault zone; the Palos Verdes fault zone, which is north of and along strike with the Coronado Bank fault zone; and the San Clemente fault zone, which is west of the SDTFZ (Fig. 1) . Both the Newport-Inglewood-Rose Canyon and Palos Verdes fault zones extend on land where they have measured slip rates; the Rose Canyon fault zone has a minimum slip rate of 1:0 mm=yr (Lindvall and Rockwell, 1995) , and the Palos Verdes fault zone has a rate of ∼3 mm=yr (McNeilan et al., 1996) .
Because the Newport-Inglewood-Rose Canyon and Palos Verdes fault zones have known slip rates, these faults are generally included in hazard studies (Field, 2007) and as bounding blocks in geodetic models of plate motions in southern California (e.g., McCaffrey, 2005; Meade and Hager, 2005a) . However, the use of the Palos Verdes fault zone as a main throughgoing fault in these models may not be correct as recent mapping indicates that it does not connect with the Coronado Bank fault zone to the south but terminates south of Lasuen Knoll ( Fig. 2 ; Conrad et al., 2010) . Thus, other fault zones in the offshore need to be considered for inclusion in hazard and geodetic modeling studies to account for the geodetically determined slip on offshore faults. One of these faults is the SDTFZ. In this paper, we use recently developed ultra-highresolution seafloor surveying and sampling techniques developed at the Monterey Bay Aquarium Research Institute (MBARI) to estimate a Holocene slip rate for the SDTFZ. This is the first slip rate determined for a fault that lies entirely offshore in the Borderland. In addition, we present highresolution seismic reflection profiles that show that the SDTFZ extends 60 km farther north of where it was previously mapped, possibly joining the San Pedro Basin fault zone (SPBFZ). A combined SDTFZ-SPBFZ has a length of 260 km and appears to be one of the most active fault zones in the Borderland.
Previous Work
The SDTFZ was first thought to extend from the U.S.-Mexican border to just south of Crespi Knoll based on seismic reflection profiling ( Fig. 2 ; Moore, 1969) . The fault zone was mapped in greater detail by Kennedy et al. (1979) , Legg and Kennedy (1979) , Legg (1991) , and Legg et al. (1991) . About 30 km west of San Diego, the SDTFZ runs along the axis of the San Diego trough, an 1100-m deep basin that lies between the Thirtymile and Coronado Banks (Fig. 2) . Here the trend of the SDTFZ is linear with an orientation of N30°W. Dextral strike-slip motion within the SDTFZ is inferred by the relatively simple, straight trace of the fault, which shows alternating east and west side up scarps along strike (Legg, 1991; Legg et al., 1991) . The fault zone is generally composed of one or two high-angle fault strands that cut through Quaternary sediment at or just beneath the seafloor. South of the Mexican border, the SDTFZ continues for about 45 km where it joins with the Bahia Soledad fault zone (Fig. 1 ) in a complex manner; the Bahia Soledad fault zone connects with the onshore Agua Blanca fault zone south of Ensenada, Baja California (Legg, 1991; Legg et al., 1991) . The northern extent of the SDTFZ is more complicated. One interpretation shows the SDTFZ making a sharp bend to the west near Crespi Knoll and merging with the Catalina fault zone (Legg, Borrero, and Synolakis, 2004; Legg et al., 2007) . Another interpretation shows the SDTFZ continuing north toward the SPBFZ Francis and Legg, 2010) .
Data
During cruises conducted between 2008 and 2010, the U.S. Geological Survey (USGS) collected high-resolution single channel seismic reflection profiles between La Jolla fan valley and Catalina Island (Fig. 3) . The source was a SIG 2Mille minisparker, operated at a power of 500 J and repetition rate of 1:75=s. The frequency ranged between 200 and 1000 Hz. These data were supplemented by high-resolution multichannel seismic (MCS) air gun reflection and single channel deep-tow boomer data previously acquired by the USGS from 1998 to 2000 Gutmacher et al., 2000; Sliter et al., 2005) and deep penetration industry MCS data collected in the late 1970s and early 1980s available at the National Archive of Marine Seismic Surveys (see Data and Resources).
Gravity cores were collected at several sites along the SDTFZ in order to date sedimentary layers offset by faulting. Nineteen sediment samples from five cores were dated by accelerator mass spectrometry (AMS) carbon-14 ( 14 C) using a mixed planktic foraminifera assemblage of mostly Neogloboquadrina pachyderma, Globigerina bulloides, and N. dutertrei (Table 1) . Calibrated ages and offset measurements were used to determine the fault slip rate. Radiocarbon dating was provided by the National Ocean Sciences AMS (NOSAMS) facility at the Woods Hole Oceanographic Institution. A 633-yr reservoir age was used for the planktic foraminiferal samples (Stuiver and Braziunas, 1993; Ingram and Southon, 1996; Kennett et al., 2000) . The raw radiocarbon ages were then converted to calibrated ages using the CALIB 5.0.1 program (Stuiver and Reimer, 1993) .
Two sites along the SDTFZ were selected for ultra-highresolution MBARI automated underwater vehicle (AUV) surveys. One site is located within a restraining stepover area and the other along a channel that is offset horizontally by the SDTFZ (Fig. 3) . The AUV carries a Reson 7100, 200-kHz multibeam sonar and an Edgetech 2-to 16-kHz chirp subbottom profiler . The AUV was preprogrammed to proceed to > 200 waypoints during each dive. Missions were up to 18 hr in duration and were designed for the vehicle to fly at a speed of 3 knots while maintaining an altitude of 50 m above the seafloor. Tracklines were spaced at ∼150 m apart in order to obtain overlapping multibeam Figure 1 . Simplified fault map of major northwest-trending offshore strike-slip faults. The faults offshore of Mexico are modified from Legg et al. (1991) ; the faults offshore of California are modified from the California Geological Survey (CGS, 2006) and from this study. CI, Santa Catalina; Island; DP, Dana Point; E, Ensenada; PD, Point Dume; and SMB, Santa Monica Bay.
bathymetric coverage. Resulting bathymetry data had a vertical resolution of 0.15 m and a horizontal footprint of 0.7 m. The chirp profiler imaged stratigraphic horizons at a maximum vertical resolution of 0.11 m. AUV navigation was obtained using a Kearfott inertial navigation system and a doppler velocity log.
A dive of the remotely operated vehicle (ROV) Doc Ricketts (DR-134) was conducted on 27 March 2010, prior to the AUV dive in this area. Doc Ricketts was equipped with a vibracoring system and collected four cores using 7.65-cm aluminum core tubes that ranged in length from 95 to 172 cm. The vibracores were logged with a GEOTEK multisensor core logger, split, and scanned with a GEOTEK digital line-scanning camera (see Data and Resources).
Results
Within the confines of the San Diego trough south of La Jolla fan valley, the SDTFZ forms a single principal deformation zone, which at the surface is imaged as either one or two closely spaced fault strands ( Fig. 2 ; Legg, 1991) . However, as the SDTFZ approaches the northern end of the trough, the fault zone becomes more complex (Fig. 4) . The SDTFZ broadens with a fault strand forming west of and at a 15°o blique angle to the principal strand (Figs. 4 and 5). Reflectors between the fault strands form a broad antiform oblique to both faults; the antiform has little seafloor relief at its southern end (Fig. 5) . The seafloor relief increases to a maximum of 50 m as the fault zone broadens to a width of 5 km (Fig. 6 ). The AUV bathymetry images most of a lozengeshaped bathymetric high, which we interpret to be a pop-up structure that formed between the principal strand of the SDTFZ and the newly formed west strand.
The pop-up forms an asymmetric, doubly plunging anticlinorium (Fig. 6 ). One fold axis trends N80°E and is oriented at a high angle to the main fault strands; the other fold axis trends N40°W, parallel to the main fault strands, and is more tightly folded (Figs. 6 and 7). The AUV multibeam and chirp data show several discontinuous lineations on the surface of the pop-up structure that are primarily at an angle of 30°-50°from the main east and west strands of the SDTFZ (Fig. 6) . Some of the lineations show seafloor relief on the order of 5-10 m. A high-resolution minisparker profile collected across the lineations show that at least some of these lineations are surface expressions of faults that show dip-slip (or oblique slip) separation at depth (Fig. 7) . Distinctive patches of rough seafloor imaged on AUV multibeam bathymetry are associated with some of these lineations (Fig. 6) . Surveys in other areas show that this type of topography is characteristically associated with the occurrence of chemosynthetic biological communities, methane-derived authigenic carbonates, and even active gas venting (e.g., Paull et al., 2008 Paull et al., , 2011 . Such fluid venting can occur along active fault zones (e.g., Paull et al., 2008 ).
An industry deep penetration MCS profile that crosses the northern end of the pop-up structure images the main fault strands that define the east and west edges of the pop-up structure (Fig. 8 ). These strands dip at > 50°near the surface but may become listric at depth. The east-dipping Thirtymile Bank detachment surface intersects the west strand of the SDTFZ, although it is unclear whether the SDTFZ is offset by this surface (Fig. 8) . Near the northern end of the pop-up structure, a third high-angle fault strand forms between the east and west strands (Figs. 4 and 8) . West of the central strand, the west strand loses its seafloor expression and becomes buried. The central strand is ∼20-km long and continues only as far north as Crespi Knoll (Fig. 2) . Sparsely spaced minisparker reflection profiles (Fig. 3) suggest that folding between the main SDTFZ faults continues in an en echelon pattern within the stepover, but not as far north as Crespi Knoll (Fig. 4) .
West of Crespi Knoll, we mapped a previously unknown continuation of the SDTFZ. While this section of the fault zone has the same orientation as the SDTFZ imaged south of the pop-up structure (N30°W), it is located 5 km to the west (Fig. 2) . The newly mapped fault zone is composed of one or two high-angle fault strands ( Fig. 9 ) and extends as far north as the southeastern end of Santa Catalina Island (Fig. 2) . A small topographic knoll west of Crespi Knoll is offset in a right lateral sense along this section of the fault zone (Fig. 2) . North of the knoll, the fault zone shows increased vertical separation with uplift along the western side of the fault that deforms the seafloor (Fig. 10) . At the northern end of the SDTFZ, it crosses the San Gabriel fan valley (Fig. 2) . The outer wall of a channel within the San Gabriel fan valley is offset in a right lateral sense (Fig. 11) . Within the crossing of the fan valley, the SDTFZ makes a bend to a more westerly orientation (Fig. 11) . Along its length from the Mexican border to off of Santa Catalina Island, the SDTFZ goes through a restraining stepover and, at its northern end, a restraining bend (Fig. 2) . We propose that the changes in orientation along the SDTFZ are controlled by basement structures. Between the Thirtymile and Coronado Banks, the SDTFZ is located in the center of the San Diego trough in the deepest part of the basin between the two basement ridges (Fig. 12) . The Coronado Bank only extends as far north as La Jolla fan valley as a bathymetric high (Fig. 2) . However, northwest and along strike of the Coronado Bank, a distinct positive gravity anomaly flanks the northeast side of the San Diego trough; this gravity high continues as far north as Crespi Knoll (Fig. 12; Langenheim, 2004) . The stepover within the SDTFZ occurs in the narrow (∼5 km) area between this gravity high and the gravity high associated with the Thirtymile Bank (Fig. 12) . Farther north as the SDTFZ encounters the prominent gravity anomaly northeast of Catalina Island associated with Lasuen Knoll, the fault again bends to the west to a trend of N50°W (Fig. 12) .
Miller (2002) modeled a gravity profile across the San Diego trough on a profile that crosses the saddle at the southern end of Crespi Knoll near the northern end of the stepover. This model shows the presence of near-surface (< 4 km depth), high-density (3000 kg=m 3 ), high-velocity (6:8 km=s) rock juxtaposed with lower density material across the San Diego trough. The high-density body is modeled to extend from the axis of the San Diego trough in the east to near the base of the continental slope, a distance of about 35 km. This is one of the few places in the Borderland where high-density material is required in the upper crust to match the measured gravity (Miller, 2002) . This high-density material is interpreted to be composed of mafic volcanic rock similar to that dredged from Crespi Knoll (Vedder, 1990) . Where the SDTFZ is assumed to encounter this high-density crustal material based on the location of positive gravity anomalies, major restraining stepover or bends formed, indicating basement control of these structures.
Slip Rate on SDTFZ
A slip rate for the SDTFZ is calculated by dating horizontally offset strata of the near-vertical wall of the San Gabriel channel (Fig. 11) . The channel wall is offset in two places on the cut-back of a channel meander. The age of the sediment drape that postdates the offset was determined by combining high-resolution seismic reflection profiles and core samples of the channel wall. AUV chirp seismic reflection profiles show a drape of acoustically transparent sediments of 1-3 m thickness that covers both the channel floor and its flanks (Fig. 13) . In order to date the base of this layer, we collected one gravity core and four vibracores (Fig. 11) . One of the cores (VC-121) was collected from the floor of the main channel. The other cores were collected from outside of but within about 500 m of the channel. Although the cores do not penetrate to the base of the transparent layer, we estimate the age of the base of the layer to be 12; 270 1880 yr based on sedimentation rates calculated from 14 C ages of foraminifera sampled from within the cores (Tables 1 and 2; Fig. 13 ). For the calculation of the slip rate, the mean age of 12,270 yr is used as our best estimate of the age of the base of the acoustically transparent layer. The offset of the channel wall was measured at both the north and south channel crossings. This was done by digitally cutting the bathymetric grid along the trace of the SDTFZ and, using a 3D model, restoring the offset until the channel wall was realigned across the fault. Inspection of the model indicates that the offsets of both the northern and southern channel walls are about 18 2 m. The transition from layered to acoustically transparent reflectivity of the sediments corresponds to a transition from periods of active sediment transport within the channel, layered sediments, to a period dominated by hemipelagic sedimentation, acoustically transparent sediments (Fig. 13) . We assume that erosion of the channel wall is dependent on active sediment transport through the channel and that offset of the channel wall postdates active sediment transport in the channel, because down-channel sediment flows are expected to erode away pre-existing offset of the channel walls. There has been little erosional modification of the channel walls by slumping after the channel became inactive, as evidenced by the lack of any significant debris deposits along the base of the channel wall. Therefore, we infer that the apparent offset of the channel wall postdates the transition of the San Gabriel channel from active to inactive.
This transition from an active to inactive channel is manifested by the development of an acoustically transparent layer in the seismic reflection profiles that is composed predominantly of hemipelagic mud. The age of the base of this layer thus approximates the age of the undeformed channel wall prior to the development of the observed offset. Using a value of 18 m of strike-slip offset of the channel wall and 12,270 yr as the age when the channel became inactive, this yields a slip rate of about 1:5 mm=yr. Uncertainties in the total amount of offset and in the projection of sedimentation rates indicate an error of 0:3 mm=yr. Therefore, we consider the slip rate of the SDTFZ to be in the range of about 1:2-1:8 mm=yr. This slip rate would be at its minimum value if additional subparallel fault strands take up significant slip.
Discussion
The SDTFZ is a linear, right-lateral, strike-slip fault that runs along the center of San Diego trough at a trend of N30°W for approximately 110 km. Based on recently collected seismic reflection profiles, we extend the fault zone an additional 60 km to the north. About 20 km south of Crespi Knoll, the fault zone intersects a topographic and gravity high resulting in a fault bend near the point of intersection (e.g., Mann, 2007) . Here, the SDTFZ steps 5 km to the left over a distance of about 20 km. The stepover is complex, involving at least three strands subparallel to the main Figure 4 . Detailed map of stepover area with fault strands shown in black and fold axes in white plotted on hillshade of bathymetry. Up-dip end of the Thirtymile detachment surface modified from Rivero and Shaw (2011) . Black dots show epicenters of the 1986 Oceanside aftershocks (Astiz and Shearer, 2000) . Locations of reflection profiles in Figures 5, 7 , and 8 are shown by dashed gray lines. The location of the pop-up structure (Fig. 6 ) is shown by a lightly stipled pattern.
SDTFZ with along strike overlap between the fault traces. Some of the deformation is accommodated by dip-slip faults that are oriented oblique to the primary trending zone of deformation (e.g., McClay and Bonora, 2001) .
North of the bend in the SDTFZ, it has been proposed that motion along the SDTFZ is transferred to the Catalina fault zone across a 40°restraining bend (Legg, Borrero, and Synolakis, 2004; Legg et al., 2007) . The Catalina fault zone runs along the escarpment forming southeast side of Catalina Ridge. Although Santa Catalina Island is uplifted along the Catalina fault zone (Fig. 3) , it is less clear whether the fault is still active and accommodates significant strike-slip motion. In a study of the stratigraphy of Catalina basin, which lies immediately west of the fault, Normark et al. (2004) show that the youngest basin sediment is not deformed adjacent to the fault. Slightly uplifted beds suggest that the most recent movement of the Catalina fault zone occurred during a sea level lowstand that corresponds with oxygen isotope stage eight (∼300 ka). We also collected minisparker reflection profiles across the projected connection between the SDTFZ and the Catalina fault zone in order to confirm the lack of Figure 7 . High-resolution minisparker profile collected across the pop-up structure that shows asymmetrical antiform (A) that is subparallel to the main east and west fault traces. High-angle faults are coincident with lineations shown on the AUV multibeam bathymetry (Fig. 6) and show vertical separation. The profile crosses rough seafloor patches shown in Figure 6 . The data have been migrated using a constant velocity of 1500 m=s. Vertical exaggeration is about 24:1. The location of the profile is shown in Figures 3 and 6 . deformation of the youngest sediment (data not shown). It is possible that slip along the Catalina fault zone lies entirely within basement rock outside of the basin. However, submarine terraces surrounding Santa Catalina Island indicate that it is subsiding Conrad et al., 2010) and not uplifting as would be expected if the island were experiencing active transpression. Furthermore, the Catalina escarpment is not associated with significant background seismicity (Hauksson and Jones, 1988) .
Using high-resolution reflection profiles, we trace the SDTFZ as far north as the San Gabriel fan valley (Figs. 2  and 11 ), where the fault bends to the left in a more westerly orientation of about N50°W. Northwest of the channel, the SDTFZ is on trend with the SPBFZ, although there is not a simple relationship between these faults (Conrad et al., 2010) . A series of western-trending faults and folds deform young sediment in the eastern San Pedro basin between the SDTFZ and SPBFZ (Conrad et al., 2010) . Where the SPBFZ has been mapped north of these folds, it shows evidence of recent activity including offset of shallow sediment and arching of the seafloor and is associated with an area of small to moderate earthquakes (Fisher et al., 2003) . In addition, diapirs have been mapped within the SPBFZ beneath Santa Monica Bay, which indicate that methane is venting along the fault (Fisher et al., 2003; Paull et al., 2008) . The fault continues northwest and intersects the Dume fault near Point Dume on the Malibu coast ( Fig. 1 ; Legg, Kamerling, and Francis, 2004) . If the SDTFZ and SPBFZ connect, the combined length of the two fault zones is on the order of 260 km. The possible continuation of the SDTFZ-SPBFZ to the south on the 70-km-long Bahia Soledad fault zone would result in a total fault length of 330 km.
It is unclear whether an earthquake will propagate through restraining or releasing bends along the SDTFZ-SPBFZ-Bahia Soledad fault zone as this will have a significant impact on the potential maximum earthquake magnitude on the fault zone (e.g., Wells and Coppersmith, 1994) . The length of a rupture is commonly less than the entire mapped length of a fault, in part, because of the presence of geometric complexities such as restraining bends (Wesnousky, 2006) . A stepover width of greater than 5 km is likely to form a barrier to throughgoing rupture, with restraining geometries more likely to form barriers to rupture than releasing geometries (Harris and Day, 1993; Oglesby, 2005; Mann, 2007) . Thus, the width of the SDTFZ stepover is at the limit for the dimensions that a fault is likely to stepover. In addition to the Figure 9 . High-resolution MCS reflection profile located east of the southeastern end of the Catalina Ridge. The SDTFZ is composed of two strands that converge at depth. The strands show vertical separation, although the relief on the seafloor is minimal. The fault apparently controls the location of a submarine channel that is located between the two strands. Vertical exaggeration is ∼8∶1. The location of the profile is shown in Figure 3 . restraining stepover and bend described in this paper, Legg et al. (2007) show additional small restraining bends farther south of Coronado Bank along the SDTFZ. It is unclear whether an earthquake will propagate across these restraining bends and steps. However, the link between the SDTFZ and SPBFZ is composed of a fold belt. If the two faults are linked by reverse faults, it would be more favorable for an earthquake to propagate between the faults (Oglesby, 2005) .
A major implication for the presence of a 20-km-long stepover zone within the SDTFZ is that it allows for an alternate interpretation for the origin of the 1986 Oceanside earthquake swarm. The epicenter of the 1986 Oceanside earthquake is located just north of midway along the stepover zone ( Fig. 2 ; Hauksson and Jones, 1988; Pacheco and Nabelek, 1988; Astiz and Shearer, 2000) . The mainshock had a magnitude of M 5.3 with a reverse focal mechanism oriented N70°W dipping 50°S or N40°W dipping 40°N ( Fig. 2 ; Hauksson and Jones, 1988; Pacheco and Nabelek, 1988) ; many of the aftershocks had strike-slip focal mechanisms (Hauksson and Jones, 1988) . The selection of the southeast-dipping nodal plane would be consistent with the rupture of a left-stepping bend within the right-lateral SDTFZ (Hauksson and Jones, 1988) . The alternate nodal plane is consistent with a northeast-dipping thrust fault, which Rivero et al. (2000) and Rivero and Shaw (2011) suggest involves the partial rupture of a reactivated Thirtymile Bank detachment fault as a blind thrust fault.
All of the seismograms recording the Oceanside swarm are located at a minimum distance of 50 km from the epicenter, and thus the depth and location of the aftershocks are generally not well constrained. Astiz and Shearer (2000) relocated the earthquake and its aftershocks and were able to resolve the aftershocks into a shallow plane dipping northeast at 30°. The relocations support the interpretation of the Oceanside swarm as a thrust source. Rivero and Shaw (2011) indicate that the relocated earthquakes occur down-dip of where they map the Thirtymile Bank thrust fault on a seismic reflection profile. Their preferred interpretation is that the SDTFZ does not extend through the entire crust but terminates at the Thirtymile Bank fault. However, the nature of the contact between the SDTFZ and Thirtymile Bank fault remains equivocal based on industry MCS profiles (e.g., Fig. 8) .
We offer an alternative scenario in which the Oceanside earthquake swarm occurred within a restraining stepover Figure 12 . Isostatic gravity anomaly map (Langenheim, 2004 ) draped on hillshade of bathymetry (the location of the map is shown in Figure 1 ). A stepover along the SDTFZ occurs between two northwest-trending positive gravity anomalies associated with Thirtymile Bank and a feature southeast of Crespi Knoll. The SDTFZ bends to the left between gravity high associated with Lasuen Knoll and Santa Catalina Island. The contour interval is 10 mGal.
along the SDTFZ. Astiz and Shearer (2000) state that even the best relocated 1986 Oceanside aftershocks do not form a simple plane but rather outline a 4-km-thick zone of aftershocks. They suggest that this indicates either poor velocity control on the earthquake depths (thus the thick zone) or that the area of aftershocks is within a structurally complex zone, perhaps composed of more than one fault trace. Because the focal mechanism for the mainshock in the Oceanside earthquake sequence was reverse, we suggest that the Oceanside earthquake occurred on a linking reverse dip-slip fault that accommodates transpression within the fault stepover. This could explain the combination of dip-slip and strike-slip aftershocks over a broad area, but it does not explain the overall northeast-dipping cloud of earthquakes. The Astiz and Shearer (2000) relocations were determined using a 1D velocity model. However, as shown by gravity modeling across the San Diego trough (Miller, 2002) , a shallow, highvelocity (∼6:8 km=s) body lies adjacent to and east of the SDTFZ. In a 1D model, this velocity contrast across the SDTFZ could result in apparently deeper hypocenters east of the fault and thus contribute to the appearance of a dipping cloud of aftershocks.
Conclusions
According to Meade and Hager (2005b) , a displacement deficit occurs for offshore faults in the California Borderland when using available fault slip rate models. One fault zone that has not been included in such models is the SDTFZ. We determined a slip rate of about 1:5 0:3 mm=yr over the past 12,270 yr for the SDTFZ and extended the fault northward 60 km via a restraining stepover. We propose that the 1986 Oceanside earthquake swarm occurred within the SDTFZ stepover. It is possible for an earthquake to rupture through one or more restraining bends or stepovers that link the SDTFZ, SPBFZ, and Bahia-Soledad faults, resulting in a potentially larger magnitude earthquake than previously thought. The inclusion of the SDTFZ in the next WGCEP UCERF report should allow for a more accurate assessment of the hazards from offshore faults in southern California.
Data and Resources
Reflection profiles acquired by the U.S. Geological Survey (USGS) are generally available within 2 yr of acquisition. Once the data are published in a USGS open-file report, the data can be downloaded at http://www.virtualocean.org/ (last accessed March 2011). Industry multichannel seismic (MCS) data have been rescued and archived by the USGS at the National Archive of Marine Seismic Surveys (NAMSS) website http://walrus.wr.usgs.gov/NAMSS/ (last accessed January 2010). Core logs are archived at the USGS in Menlo Park, California, under Cruise Number W1-10-SC (http://walrus .wr.usgs.gov/infobank/w/w105sc/, last accessed September 2011).
Faults not interpreted in this paper can be obtained from the Digital Database of Quaternary and Younger Faults from the Fault Activity Map of California, version 2.0, http://www .conservation.ca.gov/cgs/information/publications/Pages/ QuaternaryFaults_ver2.aspx (last accessed December 2006). Figure 13 . Ultra-high-resolution AUV chirp profile that crosses the channel wall and intersects cores used to determine the age of the base of the acoustically transparent unit. The acoustically transparent layer is best imaged on the channel floor and above the channel wall as delineated by a dashed white line. Vertical exaggeration is about 7:1. The location of the profile is shown in Figure 10 . 
